High-resolution magic-angle spinning ͑MAS͒ solid-state nuclear magnetic resonance ͑NMR͒ spectroscopy exploiting the dipole-dipole coupling between unlike spins is a powerful tool for the study of structure and dynamics. In particular, the rotational-echo double-resonance ͑REDOR͒ technique has established itself as a method for probing heteronuclear dipole-dipole couplings in isotopically dilute systems of low-␥ nuclei. In organic substances it is, however, particularly advantageous to consider heteronuclear spin-pairs such as 1 H-13 C, on account of the high natural abundance of 1 H and thus a much wider range of possible applications, such as the determination of order parameters in liquid crystals and polymer melts. We describe the possibility of performing 13 C-observed REDOR in 1 H-
I. INTRODUCTION
In recent years, the exploitation of dipole-dipole couplings, as determined by magnetic resonance techniques, has become invaluable for structural studies. By employing distance constraints from two-dimensional dipole-dipole cross relaxation experiments ͑i.e., nuclear Overhauser-enhanced spectroscopy, NOESY͒, nuclear magnetic resonance ͑NMR͒ spectroscopy has become the standard tool for structural studies of small molecules and moderately sized proteins in their natural state, i.e., in solution.
1,2 In the solid state, mainly direct dipole-dipole couplings between selectively labeled spin pairs such as 13 C- 13 C ͑Ref. 3͒ or 13 C-15 N ͑Refs. 4 and 5͒ have been investigated so far, on account of the low natural abundance and the increased site-resolution provided by the large spread of chemical shifts of these nuclei.
A current challenge in solid-state NMR is the harnessing of dipolar proximities involving 1 H, which is the most abundant and sensitive nucleus in NMR experiments on organic compounds, where the chemical-shift information necessary for site selectivity is usually obscured by the strong direct dipole-dipole couplings among the protons. Using very-fast magic-angle spinning ͑MAS͒, with spinning frequencies up to 35 kHz, sufficient spectral resolution can indeed be achieved even for 1 H in the solid state. 6 Two-dimensional 1 H homonuclear double-quantum ͑DQ͒ MAS experiments have proven to be useful for determining dipolar proximities in order to investigate hydrogen bond structures in rigid solids, for instance, in benzoxazine dimers. 7 However, the use of such methods is limited by a severe overlap of the still broad proton lines. In this respect, heteronuclear methods using 13 C as the detected spin for the determination of dipole-dipole couplings to 1 H offer much promise with regards to obtaining more specific distance constraints from solid-state spectra. 8, 9 Moreover, once 1 H-equally spaced pulses twice per rotor period, which serve to recouple the dipole-dipole interaction, which is largely averaged out under MAS conditions. The coupling information is usually extracted by varying the length of the -pulse train applied to the nonobserved spin ͑henceforth the I-spin͒, which results in a coupling-dependent attenuation of the intensity of the observed spin ͑the S-spin͒. However, the onedimensional nature of the experiment does not allow the unraveling of multiple couplings to different I-spins. It is therefore desirable to extend the experiment to two dimensions, where in the second frequency dimension the participating I-spins can be separated by their chemical shifts. 15 Originally designed for the application to isolated heteronuclear two-spin systems, REDOR has never been applied to 1 H- 13 C systems, on account of the very many heteronuclear couplings which render the data analysis model dependent, and the strong homonuclear couplings among the protons which lead to deviations from the simple heteronuclear theory used to analyze the data. To make the problem associated with multi-spin systems tractable, we employ the spectral separation of the I-spins discussed above, as well as very-fast MAS, which, as shown previously, 6, 16 helps in breaking up the strong homogeneous dipolar coupling network among the protons into pair correlations. It will become apparent that the overall suppression of homonuclear couplings by very-fast MAS is efficient enough to treat a 1 H- 13 C spin system in terms of heteronuclear couplings only. This results in a dramatic simplification of the multispin problem present in solids, because multiple heteronuclear dipole-dipole couplings can trivially be treated in terms of individual pair couplings, since they are inhomogeneous in nature. 17 Consequently, simple concepts from firstorder perturbation theory, on which the theory for REDOR is based, can be used to calculate the spin dynamics.
Different authors have claimed that REDOR becomes inefficient at very high spinning frequencies. 18, 19 Regarding potential problems with finite pulses, which then cover a considerable fraction of the rotation period, Griffin and coworkers only recently showed that complications arising from an increased duty cycle are very minor. 20 Moreover, our results clearly indicate that problems associated with the interplay of finite pulses and homonuclear couplings are small. In previous publications, we have already shown that, using high magnetic fields ( L 1 H /2ϭ700.13 MHz͒ and veryfast MAS with spinning frequencies around 30 kHz, 1 H- 13 C correlation experiments based on REDOR-type recoupling can be performed in which the signal intensities are only slightly influenced by the residual homonuclear couplings among the protons. 8, 21, 22 Using these techniques, it was possible to determine order parameters in a new class of discotic liquid crystals without the need of isotopic labeling. 12 In our earlier work, the pulse sequences were designed to convert initial 1 H magnetization directly into heteronuclear two-spin modes, which are monitored during the t 1 dimension of a 2D experiment, and then converted to 13 C observable magnetization, which is subsequently detected in t 2 . These so-called recoupled polarization-transfer ͑REPT͒ sequences 8, 22 are thus asymmetric.
The emphasis of this work is on modifying the original REDOR experiment in order to obtain a similar twodimensional experiment which is symmetric in that initial 13 C magnetization, as created by a cross-polarization step, is used to excite heteronuclear coherences, which are later reconverted into detectable 13 C magnetization. While for the REPT method, only the evolution of two-spin coherences during t 1 is detected as a consequence of the asymmetric design of the pulse sequence, 22 multiple-quantum coherences involving many protons can be excited with a symmetric sequence. The whole class of symmetric dipolar heteronuclear correlation experiments will generally be referred to as DIP-HMSC ͑dipolar heteronuclear multiple-spin correlation͒.
In the following section, the basic theory of the spin dynamics will be summarized, and measurements on a model system will be presented which show that the simple 1D REDOR experiment under very-fast MAS can indeed be used for the quantitative determination of weak 1 H- 13 C couplings even in the presence of strong 1 H-1 H couplings. In Sec. III we will describe in detail how a simple extension of the REDOR pulse sequence leads to a heteronuclear multiple-quantum ͑HMQ͒ experiment. Section IV deals with the experimental verification of the excitation of higher-order multiple-quantum coherences: heteronuclear spin-counting, carried out using a simple phase-incrementation scheme, is introduced, and its specific properties are discussed in comparison with homonuclear approaches to spin-counting introduced by Pines and co-workers. Section V shows that it is possible to select specific multi-spin modes by their coherence order using an appropriate phase cycle, and thus monitor their chemical-shift evolution in two-dimensional experiments. Finally, in the last section, an alternative and completely different way of extracting dominant heteronuclear dipole-dipole couplings is described: the analysis of spinning sidebands which appear in the indirect dimension of the two-dimensional experiment as a consequence of the rotor encoding of the recoupling Hamiltonian, [23] [24] [25] is demonstrated. This method has already been shown to be feasible with the REPT techniques. 8, 12, 22 
II. REDOR IN
1 H- 13 
C SYSTEMS

A. Basic theory of REDOR in I n S-spin systems
The Hamiltonian of a heteronuclear I n S-spin system under magic-angle spinning conditions in the secular approximation reads
It is composed of the sum of all heteronuclear dipole-dipole interactions ͑first term͒, the isotropic I-spin chemical shifts ͑second term͒, and the S-spin isotropic shift and chemicalshift anisotropy ͑third term͒. Throughout this paper, we will neglect the I-spin ( 1 H) chemical-shift anisotropy ͑CSA͒ and the homonuclear dipole-dipole interaction. In earlier publications we have shown that, for evolution times of a moderate number of rotation periods, the latter approximation is excellent even in 1 H systems, provided that a sufficiently fast spinning frequency is employed. 8, 22 The work presented here applies the condition of very-fast magic-angle spinning with frequencies exceeding 20 kHz. Under these conditions, the strong homonuclear dipolar coupling network among the protons breaks up into a sum of pair correlations. 6, 16 As a result, the spin system behaves inhomogeneously. 17 Even when the heteronuclear coupling is recoupled in a rotorsynchronized fashion ͑vide infra͒, the homonuclear coupling is essentially averaged out over full rotor cycles of S-spin transverse evolution.
The first term representing the time-dependent heteronuclear dipole-dipole coupling contains the coupling element defined as
This result can be derived by using the second-rank full (D m Ј m (2) (⍀)) and reduced (d m Ј m (2) (␤)) Wigner matrix elements 26 for the rotation of the dipole-dipole coupling tensor in its spherical representation from its principal axes system ͑P͒ first into the crystal ͑or molecular͒ frame ͑C͒, then into the rotor frame ͑R͒, and finally into the laboratory frame ͑L͒. The sets of Euler angles relating the different frames are denoted as ⍀ϭ͕␣,␤,␥͖. The last rotation from the rotor into the laboratory frame is rendered time dependent by MAS (⍀ RL ϭ͕ R t,␤ M ,0͖), and for a polycrystalline sample, a powder average has to be performed over ⍀ CR . ⍀ PC specifies the various relative tensor orientations within one molecule or coupling network:
is the dipole-dipole coupling constant in units of angular frequency. The time-dependent CSA, S ( R t), can be treated in essentially the same fashion as the dipole-dipole coupling, and explicit representations can be taken from the literature.
21,11
The time evolution of the spin system, as represented by the density operator , during the interval (t a ;t b ) is calculated using the integrated form of the Liouville-Von Neumann equation
The density operator at the beginning of the experiment is composed of S-spin transverse magnetization, as generated by cross-polarization from the I-spins, and can be represented as (0)ϭŜ x . Throughout this paper, we will use the formalism of product operator theory 27 for the calculation of the time evolution. In the case of MAS, the propagator, Û (t a ;t b ), can be calculated from the average Hamiltonian, H (t a ;t b ), during this interval as
The use of the zeroth-order average Hamiltonian,
is well justified in our case since the Hamiltonian in Eq. ͑1͒ commutes with itself at different times. 28 Two possible pulse sequences for the conventional REDOR experiment 4 are depicted in Fig. 1 . C ͑b͒ channels, and the pulse phases are cycled according to the (xy-4) scheme ͑Ref. 33͒, in order to avoid signal reduction from spectral offsets and to suppress artifacts from pulse imperfections. The final 90°pulses ͑black bars͒ on 13 C form a z filter ͑Ref. 66͒ of several tens of ms length, which helps to obtain cleaner spectra by purging unwanted signal contributions. Reference spectra can be taken by either omitting the pulses on 1 H in both sequences, or by applying an additional pulse in sequence ͑a͒.
idea behind REDOR is the recoupling ͑i.e., reintroduction͒ of the heteronuclear dipole-dipole coupling, which is averaged out by MAS. This is achieved by application of pulses in the middle and at the end of each rotor period. These pulses effectively invert the dipolar evolution, which can be interpreted as a counter-rotation in spin-space, opposing the MAS in a synchronized fashion. The pulses can be applied on either channel, because the sign change of the heteronuclear dipole-dipole coupling Hamiltonian (ϳ2Î z Ŝ z ) can be achieved by applying a rotation to either one of the constituting z angular momentum operators. The placement of the pulses on the 1 H channel ͓Fig. 1͑a͔͒ is beneficial in that the maximum number of pulses is applied on the channel where only longitudinal components are to be inverted, while the 13 C chemical shift and CSA are fully refocused by the central pulse on 13 C. The application of the many pulses on 13 C ͓Fig. 1͑b͔͒ and omitting the central one also leads to 13 C CSA refocusing, but the pulses more critically interact with the evolution of transverse coherence. 29 For both implementations, the only interaction to be considered during the recoupling period of N rcpl rotor periods length is the heteronuclear dipole-dipole coupling ͓the first term in Eq. ͑1͔͒.
The average heteronuclear dipole-dipole coupling Hamiltonian is most conveniently written as
where ⌽ (i) (t a ;t b ) is the dipolar phase factor, which is acquired during the interval (t a ;t b ). From Eqs. ͑1͒, ͑6͒, and ͑7͒ it is given by
For REDOR, i.e., when the sign of the dipole-dipole coupling Hamiltonian is inverted for every other half rotor cycle, the average REDOR phase factor for a full rotor cycle ͑as indicated by the bar͒ reads
The importance of the lower bound of the time integral, t, which merely describes a dependence on the initial rotor phase, R t, will become apparent for the two-dimensional extensions discussed below. If only one I-spin is considered, i.e., when the relative orientation of different coupling tensors does not need to be specified, Eq. ͑2͒ can be evaluated using ⍀ PC ϭ͕0,0,0͖, which yields the simplified result published by Gullion and Schaefer
If the REDOR -pulse train is applied at a time t for N rcpl rotor cycles, the overall phase factor is simply given by
A calculation of the REDOR-recoupled evolution of initial Ŝ x transverse magnetization, dipolar coupled to n I-spins, yields
] The calculation is simple and straightforward since all individual couplings can be evaluated independently. This is possible because the individual heteronuclear coupling Hamiltonians commute with each other: ͓H I i S ,H I j S ͔ϭ0. We see that the density operator at the end of the REDOR recoupling period is composed of a carbon transverse coherence ͓Eq. ͑11͔͒ and multi-spin antiphase coherences. The latter are neither detectable quantities, nor do they evolve into detectable magnetization without further recoupling, but they will gain importance in the two-dimensional extensions of the technique discussed later. The final signal in a onedimensional REDOR experiment which passes through the z filter is thus proportional to the coefficient of the remaining transverse coherence, Ŝ z . The dephased signal is calculated as the powder average over ⍀ CR ͑as indicated by the angular brackets͒:
͑15͒
For three isolated methyl protons which couple to a single carbon atom ͑this case will be investigated in the following͒ the above formula can be simplified by noting that the three heteronuclear coupling tensors, thus the phase factors ⌽ 0 (i) ϭ⌽ 0 CH 3 , are identical as a consequence of the fast three-site jumps performed by methyl groups at ambient temperature. 22, 30 If the 13 where is the angle between the IS-internuclear vector and the methyl rotation axis. For S-spins located off the rotation axis, the individual ⌽ 0 (i) are still equal, but the averaged dipole-dipole tensor will be asymmetric, and hence Eq. ͑16͒ is not applicable. The theoretical intensity for a single methyl group is simply
͑17͒
This result certainly represents a very unique multi-spin case. However, the ensuing experimental test provides a very good proof of the negligible influence of the rather strong homonuclear couplings among the three methyl protons in our experiments. For the case of a carbon close to more than one methyl group, we obtain
ʹ .
͑18͒
The intensities in Eqs. ͑15͒, ͑17͒, and ͑18͒ can directly be measured on an absolute scale by normalizing the 13 C signal intensity of the REDOR spectrum with the undephased reference intensity of Ŝ x (S 0 ), whereby relaxation effects are corrected for. Finally, the result S REDOR ϭ(1 ϪS/S 0 )ϭ⌬S/S 0 is plotted as a function of the recoupling time. The dipole-dipole coupling constants can then be extracted from an analysis of this so-called build-up curve. We will reinterpret such data in terms of a build-up of multiplequantum coherences in Sec. III.
Using the pulse sequence with only one pulse on 13 C, the mentioned reference spectrum is obtained by performing an experiment in which the 1 H pulses are either left out, or a pulse is added in the middle of the recoupling period ͓dashed pulse in Fig. 1͑a͔͒ . In the first case, no recoupling occurs at all, and the Ŝ x coherence, subject to evolution due to the Hamiltonian in Eq. ͑1͒, is simply refocused, but suffers the same relaxation effects as the dephased coherence in Eq. ͑11͒. In the second case, the two simultaneous pulses in the middle of the sequence cancel each other in their effect of inverting the dipolar Hamiltonian. Therefore, the recoupled dipolar evolution runs backwards in time during the second half of the REDOR recoupling, converting all the multi-spin antiphase coherences ͓Eqs. ͑12͒, ͑13͒, ͑14͒,...͔, which are similarly present after N rcpl /2, back into observable Ŝ x magnetization by the end of N rcpl . Restricting the discussion to the Hamiltonian given in Eq. ͑1͒, thus neglecting homonuclear couplings, effects of finite rf pulses, and experimental imperfections, which would all interfere with a proper time reversal, the amplitude of this coherence would be just the same as for the reference experiment without pulses on 1 H.
B. Experimental test of REDOR in 1 H-
13
C systems
Partially deuterated methylmalonic acid, DOOC -CD͑CH 3 ͒-COOD, is a useful model compound to study relatively weak 1 H- 13 C couplings. It can be easily prepared from commercially available methylmalonic acid; the preparation procedure is described in Ref. 22 . The methyl groups in this substance are fairly isolated, with next CH 3 proton neighbors about 4.3 Å away from the methyl carbon. All measurements in this publication were performed on a Bruker DRX700 console using a 16.4 T narrow bore magnet. A 2.5 mm MAS double-resonance probe, also manufactured by Bruker, was used. 90°pulses of 2 s length ͑correspond-ing to 1 /2ϭ125 kHz͒ were applied on both channels. In all experiments, TPPM dipolar decoupling 32 was employed, using the same rf field strength, approximately 160°pulses, and a modulation angle of 30°.
Referencing procedure
At first, we shall investigate the stated equivalence of the two possible ways of performing the REDOR reference experiment, as explained in the preceding section. Figure 2 shows normalized S 0 intensities of the CO group in partially deuterated methylmalonic acid for the two possibilities of recording the reference with and without recoupling pulses on 1 H, and, additionally, reference intensities for the variant with many pulses on 13 C ͓Fig. 1͑b͔͒ and no 1 H pulse. Most notably, the 13 C intensity hardly decays at all when only one central refocusing pulse on 13 C and no pulses on 1 H are applied ͑open squares͒. This proves the successful heteronuclear decoupling by the very-fast MAS. However, when a full -pulse train is applied to the protons, and the sign of the recoupled heteronuclear dipole-dipole interaction is inverted during the second half of the sequence by application of two simultaneous pulses to both spins in the middle of the sequence, a marked dephasing is observed ͑solid squares͒. This effect may qualitatively be explained by the unsuccessful conversion of the multi-spin antiphase coherences ͓Eqs. ͑12͒, ͑13͒, ͑14͒,...͔ into observable Ŝ x coherence during the second half of the sequence. Numerical density matrix simulations of SI n spin systems including the effect of homonuclear couplings, finite pulse durations, and pulse imperfections indicated that the dephasing observed in the case of the reference experiment with many pulses on 1 H is in part indeed due to homonuclear couplings, but only when the pulses are of finite length. Flip angle deviations also contribute, but these perturbances are not altered by the presence or absence of homonuclear couplings. To our knowledge, the combined effect of homonuclear couplings and finite pulses has not yet been explored in detail. A similar effect was observed for the related REPT sequences. Pulse imperfections are clearly the reason for the signal deterioration when S 0 is measured using the experiment with many -pulses on 13 C. Such perturbances can certainly be further suppressed by using more elaborate phase cycling schemes such as (xy-8) or (xy-16) for the -pulse trains. 33 By contrast, in most of our experiments, that is, when the majority of the pulses is applied to 1 H, the performance of (xy-4) could not be improved significantly ͑higher-order cycles necessitate more complicated pulse programs͒. This supports again the notion that homonuclear effects, as introduced by finite pulses, dominate the signal loss in the latter case.
We conclude that, in order to partially compensate for pulse imperfections and homonuclear effects in conjunction with finite rf pulses, 1 H-
13
C REDOR experiments according to the pulse sequences in Figs. 1͑a͒ and 1͑b͒ should be performed using reference experiments which rely only upon adding or omitting a central pulse on 1 H, respectively, rather than just omitting all 1 H pulses. Then, both the dephased and the reference spectra suffer the same losses from experimental imperfections ͑at revision stage, we became aware of a very recent publication of Chan and Eckert, 34 who treat this new and improved referencing concept in great detail͒. From an experimental point of view, it may be advisable to use the sequence in Fig. 1͑a͒ , where the possibility of applying higher radio frequencies, thus even shorter pulses, to 1 H can be taken advantage of. If sufficiently short pulses can be applied to the 13 C channel, it might be possible to acquire spectra which are even less perturbed by homonuclear couplings, by using the sequence with the many pulses on 13 C. This has not yet been tested experimentally.
Experimental results
Results from REDOR experiments on the methylmalonic acid sample with many pulses on 1 H, referenced using an experiment with one additional pulse on 1 H, are shown in Fig. 3 . The signals from all three carbon atoms approach the theoretically predicted plateau of 1.0, indicating complete dephasing. For rcpl Ͼ1500 s, the measured values become unreliable on account of the increasingly weak signal and hence poor S/N of the reference spectra at longer recoupling times. Results for the apparent dipole-dipole coupling constants, D IS app , Eq. ͑16͒, were obtained by fitting the x scaling of a master curve calculated using Eq. ͑17͒ to the measured data points. The best-fit curves are indicated as solid lines. The scaled master curves model the experimental data reasonably well, in particular, the data for the CH 3 carbon exhibits the expected oscillations in the plateau region. For the CD and CO carbons, deviations are nevertheless bigger than the experimental errors which were estimated from the noise level. However, the coupling constants for the CH 3 and CD carbons are close to the expected values ͑see Table I͒, and  the  1 H-13 C distances are well reproduced. The observed discrepancies can be attributed to two main factors. First, multi-spin effects, i.e., couplings to remote methyl groups, contribute to the build-up, and as a consequence, larger than expected coupling constants are obtained. This is most pronounced in the data for the CO carbon, which is located quite far away from the intramolecular C REDOR intensities measured on partially deuterated methylmalonic acid at 30 kHz MAS. Open circles (᭺) in the top diagram represent data for the CH 3 carbon, while solid squares ͑͒ are for the CD and CO carbons in the top and bottom diagrams, respectively. The solid lines are REDOR master curves for a rapidly rotating I 3 S unit ͓Eq. ͑17͔͒, with the x axis scaling adjusted to obtain a fit for the apparent dipoledipole coupling constants given in Table I . The normalized difference intensities are on an absolute scale. Dashed lines are from analytical simulations for the CD and CO carbons, based on crystal structure data and taking into account the nine closest CH 3 moieties. methyl group. In Fig. 3 , theoretical curves calculated from Eq. ͑18͒ using the tensor parameters of the nine closest methyl proton triplets ͑based on the crystal structure 35 ͒ are included as dashed lines. These curves show no more oscillations and match the experimental data better, but they still underestimate the experimentally observed coupling. Homonuclear couplings among the protons, as introduced by finite and imperfect pulses, may account for this additional dephasing at intermediate recoupling times. Apart from possible heteronuclear contributions of further remote methyl groups, these deviations are an indication that the referencing procedure cannot fully correct for all homonuclear effects. This is not surprising, since, due to the noncommutativity of homonuclear and heteronuclear couplings, homonuclear effects do not manifest themselves as simple additional dephasing factors which cancel upon calculation of S/S 0 . However, these effects are still rather small and do not completely hamper a simplified data analysis based on a single methyl group. As expected, fits to REDOR data normalized to the reference experiments without any 1 H pulses ͑data not shown͒ yields dipole-dipole coupling constants for the CD and CO carbons which are larger by about 10%, because dephasing due to homonuclear couplings and pulse imperfections is not accounted for at all.
III. REDOR AND MULTIPLE-QUANTUM SPECTROSCOPY
A. Experimental procedure and theory
As in liquids, 1 selectivity and versatility of NMR in solids can substantially be improved by multiple-quantum spectroscopy. Therefore, we will now turn to the application of the concepts of REDOR recoupling to 1 H-13 C multiplequantum spectroscopy. An HMQ experiment can easily be derived from the REDOR pulse sequences by dividing the central 1 H pulse ͓the dashed one in Fig. 1͑a͔͒ into two 90°p ulses flanking a multiple-quantum (t 1 ) dimension. The first half of the REDOR recoupling is then identified as an HMQ excitation period of duration N exc rotor cycles, while the second half serves as a reconversion period of duration N rec rotor cycles. The basic pulse sequence is shown in Fig. 4 . In each of the recoupling periods, a central pulse is placed on 13 C, such that the 13 C chemical shielding is fully refocused at the start of t 1 and before the final z filter. This is not strictly necessary for the depicted HMQ sequence, which has a 13 C refocusing pulse also in the middle of t 1 , but will be of importance for the variants of the concept presented in Sec. III C.
For t 1 ϭ0, it can easily be rationalized that by a simple 180°phase switch of the second 90°pulse ( 2 ) relative to the first one on alternate transients, effective flip angles of 180°or 0°can be realized. If the receiver phase also alternates its sign for every other transient, intensities in the resulting spectrum will automatically be the REDOR difference intensities, ⌬S. This idea was recently published by Sandström et al. 36 in a 13 C-2 H HMQ experiment. Although there is no experimental advantage in using this sequence as opposed to conventional REDOR ͑the reference spectrum still has to be acquired in a separate experiment, resulting in an effectively longer total experiment time͒, the concept emphasizes the close relationship of REDOR and multiplequantum spectroscopy.
HMQ coherences are created by the first of the two 90°p ulses on 1 H. The S-spin transverse and the multi-spin antiphase coherences in Eqs. ͑11͒-͑14͒ are converted into various kinds of HMQ coherences, the evolution of which can be probed during t 1 :
͑19͒
where (N exc RϪ ) denotes the density operator at the end of Fig. 1͒ are now identified as HMQ excitation and reconversion periods, where the recoupling times can be varied in 2 R steps by incrementing the indicated loops. Multiple-quantum filtration is achieved by applying a phase cycle to the two 1 H 90°pulses ( 1 and 2 ) and the receiver phase, rec . The dotted box indicates how, for t 1 ϭ0 and 2 ϭϮ 1 , the two 1 H 90°pulses can be regarded as an effective 180°or 0°pulse, corresponding to sequences used to obtain a 1D REDOR reference or dephased spectrum, respectively. the excitation period before the application of the first 90°p ulse, and s and c refer to the sine and cosine phase factors in Eqs. ͑11͒-͑14͒. As indicated, the product operators for the I-spins comprise mixtures of different multiple-quantum coherences, coupled to S-spin transverse coherence. The S-spin contribution can be treated separately, since it can be manipulated independently.
The second 90°pulse ͑with 2 ϭϮ 1 ) again creates antiphase coherences, but with signs depending on 2 and on the number of Î z multipliers. During the reconversion period, the individual antiphase coherences evolve back into observable Ŝ x magnetization with a corresponding phase factor, e.g., a single two-spin term from Eq. ͑12͒ becomes observable as
Note the explicit t 1 dependence of the reconversion phase factors, which leads to the appearance of spinning-sideband patterns if ⌬t 1 n R . This will be explained more fully in Sec. VI. The trigonometric prefactors of Ŝ x constitute the expression for the intensity of the detected signal, which for the special case of an isolated CH group is simply
͑21͒
In the following discussions, multiple-quantum filtration will be discussed in reference to the I-spin subspace only, and a few comments should be made on its independence from the S-spin subspace: a coherence such as 2Ŝ y Î x constitutes a mixture of heteronuclear zero-and double-quantum coherence. The interaction picture ͑i.e., the secular approximation͒ demands a description of the I-and S-spins in different rotating frames, thus interactions between each of these spins and some other spin can be evaluated for each spin individually. The relative sign of the evolution in the different rotating frames ͑which defines the zero-and double-quantum part of the heteronuclear coherence͒ does not affect the modulation frequency due to an interaction to a third spin, which means that HZQ and HDQ, apart from the direction of their precession, are indistinguishable and do not relax with different rates, as is the case for homonuclear MQ coherences. The principles of coherence order selection by phase cycling 1 can thus be applied for the I-and S-spin subspaces individually. Following the simple rules published by Ernst et al. ͑see Ref. 37 for a clear description͒, the phase cycle in the above-mentioned experiment yielding the REDOR difference intensity can be regarded as a multiplequantum filter in the I-spin subspace: the 180°phase shift of the second 90°pulse, along with an inversion of the receiver, is nothing but an odd-quantum selection on the I-spins. Since S-spins are detected, the I-spin odd-quantum contributions must have been part of an HMQ coherence. Selection of a specific quantum order on the S-spins is not necessary because the excitation of higher S-spin MQ coherences from transverse S-magnetization using the Hamiltonian in Eq. ͑1͒ is not possible.
The above-mentioned odd-quantum selection procedure can be followed by writing down the detected signal arising from all different higher-order antiphase coherences, Eqs. ͑11͒-͑13͒. Following the principle outlined for Eq. ͑20͒, the signal for a single crystallite for the simple case of t 1 ϭ0 and N exc ϭN rec ϭN rcpl reads
where the Ϯ subscript indicates the sign of the second 90°p ulse or, equivalently, the existence or omission of the central pulse in a conventional REDOR experiment. For the reference spectrum, the complete initial magnetization is regained (S 0 ϭ͗S Ϫ ͘), whereas the dephased signal, Sϭ͗S ϩ ͘, reduces to Eq. ͑15͒ with an effective recoupling time of 2N rcpl . The multiple-quantum signal, as created by the twostep phase cycle is S MQ ϭ͗S Ϫ ϪS ϩ ͘/2. Only the terms with an odd number of Î z multipliers change sign and are thus retained by the MQ filter. For a single IS-spin pair the multiple-quantum signal therefore reads
͑26͒
We see that this result differs from the conventional REDOR difference signal by a factor of 1 2 . Therefore, if REDOR intensities are to be interpreted as MQ intensities, the normalization to be used is (S N ϪS 0 )/2S 0 , because the number of transients acquired for ⌬SϭS N ϪS 0 is effectively twice as large as for S 0 only. Note that in the spin-pair case, MQ excitation efficiencies in the plateau region never exceed 50% only because of destructive interference of signals stemming from differently oriented crystallites in the powder. In experiments using the isotropic J-coupling as a means to correlate different nuclei, transfer efficiencies of close to 100% are commonly realized ͓the evolution time is adjusted in such a way that the argument of the cosine in an equation equivalent to ͑26͒ is close to 2]. A drawback of solid-state experiments based on J-couplings is that the overall signal is usually substantially reduced by T 2 relaxation during the long excitation and reconversion intervals.
38
B. The methyl group as an example
As a more specific and instructive example, we will now sketch the derivation of formulae describing the HMQ build-up behavior and the t 1 time dependence for the signal of an isolated CH 3 group, this time including the chemical shift evolution of the I-spins. As mentioned, this is a particularly simple case since the three integrated phases, ⌽ CH 3 , are equal. Furthermore, the isotropic chemical shifts of the protons are identical. The regular HMQ ͑i.e., I-spin oddorder͒ filtered intensity is the sum of Eqs. ͑23͒ and ͑25͒ with nϭ3:
The build-up of HMQ intensity is depicted in Fig. 5 . It is noteworthy that although the 3I-spin contribution ͓second term in Eq. ͑27͔͒ grows in more slowly upon increasing N rcpl , it reaches higher intensities for longer recoupling times and thus contributes more strongly to the final HMQfiltered signal. The indicated plateau values for the limits of N rcpl →ϱ can be derived by application of the familiar addition theorems for trigonometric functions to the products of sines and cosines of ⌽ 0 CH 3 , e.g., for the 3I-spin term we obtain ͑with aϭN rcpl ⌽ 0 CH 3 ) ͗sin 6 a͘ϭ 1 32 ͗10Ϫ15 cos 2aϩ6 cos 4aϪcos 6a͘ ϭ N rcpl →ϱ 10 32 . ͑28͒
By inserting the definition of the shift operators ͓in the form Î x ϭ(1/ͱ2)(Î ϩ ϩÎ Ϫ )] into the different terms of Eq. ͑19͒, e.g.,
͑29͒
the fractions with which the different coherence orders in the I-spin subspace contribute to the individual n-spin coherences can easily be derived. Thus, the 2I-spin coherence consists of DQ and ZQ contributions in equal parts, while the 3I-spin coherence has 75% SQ and 25% TQ contributions. The t 1 time dependence for the HMQC or HSQC experiments ͑including isotropic chemical shifts, ⌽ t 1 ) is obtained from Eqs. ͑23͒ and ͑25͒ by explicitly taking the t 1 dependence of the dipolar phases, ⌽ t 1 CH 3 , during reconversion into account. The transverse I-spin contributions pick up cosines and sines of the chemical-shift phases for each I-spin, and the x and y components of the t 1 signal for an experiment with equal excitation and reconversion times are given by
The cos 3 CS,I t 1 and sin 3 CS,I t 1 terms contain the effective evolution frequencies for the 3I-spin coherence, e.g., This proves again the 25% contribution of I-spin TQ to this coherence, and shows that in the HMQ-filtered case, the TQ part evolves with 3 CS,I but in the opposite direction to the SQ part ͓minus sign in Eq. ͑32͔͒. If a pure I-TQ signal is selected, sign discrimination of the effective chemical-shift evolution in t 1 is achieved by time-proportional phase incrementation ͑TPPI, generalized for MQ experiments 39 ͒ of the second proton pulse ( 2 in Fig. 4͒ by 90°/n, with nϭ3 for TQ coherences. This procedure ensures that for an n-quantum coherence, a 90°phase-shifted component of the chemical-shift signal is detected on alternate scans, and it has the additional benefit that contributions from unwanted lower-order coherences ͑which may survive due to imperfections in the MQ-filter phase cycling͒ reside in regions of the spectrum where, due to the artificial offset introduced by the TPPI, no signal from the coherence of interest would reside. Unwanted higher-order coherences might be folded back into the spectrum, but these do not generally pose a serious problem since their intensities are much lower than those of the desired coherence.
C. Generalized pulse sequences and experimental aspects
The dipolar HMQC experiment discussed above can be used to achieve the final goal presented in the introduction, i.e., it can be used to record shift-correlation spectra by means of which the contributions of different I-spins to the FIG. 5 . DIP-HMQ build-up curves for three contributions to the signal of a rotating I 3 S group ͓with an averaged apparent coupling constant, D app , defined in Eq. ͑16͔͒. The HMQ-filtered curve is the sum of the 1I-spin ͓Eq. ͑23͔͒ and 3I-spin ͓Eq. ͑25͔͒ contributions, and is equivalent to a REDOR curve, described by Eq. ͑15͒. The 2I-spin curve ͓Eq. ͑24͔͒ represents the build-up of I-͑DQϩZQ͒ intensity ͑only half of this signal corresponds to the actual I-DQ-filtered intensity͒. The plateau values for N rcpl →ϱ are indicated by thin dotted lines.
conventional REDOR dephasing of a given S-spin can be separated by their chemical shift ͑Sec. V͒. This is done by performing a rotor-synchronized experiment, in which ⌬t 1 ϭn R . Then, the explicit time dependence of the phase factors is of no concern (⌽ n R ϭ⌽ 0 ), and the frequency information governing the t 1 dimension is the isotropic chemical shift of the involved protons. The individual signal intensities can be used to obtain qualitative, and in some cases even quantitative, distance constraints. If the 2D experiment is conducted with a smaller t 1 increment, and a thus larger spectral width, spinning sidebands appear in the MQ dimension of the experiment. The analysis of such sideband patterns represents an alternative way of extracting the dipoledipole coupling information. See Sec. VI for details.
The HMQC sequence can easily be modified in that the coherence type monitored in the indirect dimension can be changed. Different variants are depicted in Fig. 6 . On account of the possibility of exciting multi-spin coherences involving two or more nuclei with these techniques, the whole class of experiments will be referred to DIP-HMSC, for dipolar heteronuclear multiple-spin correlation. The general use of coherence type selection during t 1 is elsewhere described in relation to the REPT techniques, 22 where a more detailed discussion can be found.
In addition to monitoring an actual heteronuclear MQ coherence, the I-spin MQ contribution can also be probed in antiphase to the S-spin if a 90°storage pulse is applied to the S-spin prior to t 1 . This variant of the experiment is shown as the second pulse sequence in Fig. 6 . It is analogous to the solution-state HSQC experiment 40 and the REPT-HSQC experiment, 8, 22 even though, strictly speaking, the coherences probed in the multi-I-spin case need not be heteronuclear single-quantum coherences. With this modification, the influence of the S-spin CSA during t 1 ͑if ⌬t 1 2n R ) and, more importantly, homonuclear couplings among the S-spins, which lead to additional line broadening in the case of fully labeled samples, are suppressed. The evolution of the I MQ S antiphase coherence under the IS-dipole-dipole coupling must then be considered by adding cosine factors of the form cos ⌽ D IS (i) (t 1 ) for all I-spins which are part of the coherence.
However, since this factor is periodic with respect to R , its effect does not appear in rotor-synchronized HSQ shift correlation spectra. These can be recorded with twice the spectral width of the corresponding HMQC experiment, since the pulse in the middle of t 1 necessitates a t 1 increment of 2 R for HMQC, if artifacts from incomplete CSA refocusing are to be avoided. Note that all of these effects are negligibly weak when very high spinning frequencies are used.
The third pulse sequence probes longitudinal dipolar order during t 1 , which does not undergo time evolution. The HDOR ͑heteronuclear dipolar-order rotor-encoding approach was also introduced in the context of the REPT techniques, 22 and is particularly useful to study spinning sidebands in t 1 in an isolated fashion. The RELM ͑rotor-encoded longitudinal magnetization͒ sequence on the bottom is very similar to HDOR in that the coherence state in t 1 does also not undergo time evolution, and is rotor-encoded. In this case, a phase cycle and a dephasing delay are used to select Ŝ z ͓as obtained from the transverse state in Eq. ͑11͒ by a 90°storage pulse͔. The modulation function for an IS-pair signal is ͗cos N⌽ 0 cos N⌽ t 1 ͘ as opposed to ͗sin N⌽ 0 sin N⌽ t 1 ͘ ͓Eq. ͑21͔͒, which yields different sideband patterns, yet the same dipole-dipole coupling information as in HDOR. 41 The phase cycle for the S-spin part of all sequences generally consists of SQ selection, along with 180°-pulse artifact suppression ͑EXORCYCLE͒ and quadrature artifact removal ͑CYCLOPS͒. As a supercycle, a multiple-quantum filter is implemented on the I-spins, the simplest example of which is the Ϯx phase inversion of the I-spin 90°pulse after t 1 ( 2 in Fig. 6͒ along with a receiver phase inversion. This 2-step cycle selects all odd-order coherences of the I-spins, i.e., . . . Ϫ3 ͑Ϫ2͒ Ϫ1 ͑0͒ϩ1 ͑ϩ2͒ ϩ3 . . . It will be henceforth referred to as the HMQ filter. It yields the conventional REDOR intensities, and it is of interest in how far higher than just first-order coherences in the I-spin subspace are of importance.
For the design of selective higher-order filters, one has to bear in mind that the S-spins act as a single-channel ''receiver.'' No phase information can be transferred from one spin species to the other as a result of the different rotating frames. 42 Therefore, the ''filter-width,'' i.e., the specificity of the desired quantum order, depends on the quantum order itself. Since an n-quantum coherence inverts its sign upon a relative phase change of 180°/n, only 2n-step-cycles are possible. The coherences subject to sign-change are then selected by simply alternating the receiver phase. This is the reason why, if I-spin SQ selection is wanted (nϭ1, i.e., the REDOR signal is selected͒, the phase cycle has 2 steps, and I-spin TQ and higher odd order contributions cannot be suppressed. I-spin DQ coherences are thus selected by a 4-step phase cycle of 2 , a six-step cycle is needed for TQ selection, and so on.
IV. HETERONUCLEAR SPIN COUNTING
A. Principles of spin counting
The concept of spin counting was introduced by Pines and co-workers, who in the early 1980's pioneered the development of MQ spectroscopy in the solid state. 43 Unlike in solution, where the localized J-coupling limits the number of coupled partners within a cluster of spins, it is possible to excite ͑homonuclear͒ MQ coherences comprising more than 100 spins by using the through-space dipole-dipole coupling. Monitoring the build-up behavior of such high-order coherences gives valuable information about spin clustering in solids. Baum et al. developed pulse sequences with suitable MQ Hamiltonians capable of exciting such coherences under static conditions. Spin counting involves carrying out an MQ experiment where a TPPI scheme is applied to either the excitation or reconversion pulse sequence in order to create an artificial offset which separates the different quantum orders excited by the sequence. This frequency offset is given by ⌬ϭ⌬/⌬t 1 , where ⌬ is the phase increment. A coherence of order n is then offset from the spectral center by n⌬, resulting in a spectrum in which all excited coherence orders can be observed. Since with increasing order, coherences suffer increased line broadening and sensitivity to B 0 inhomogeneity during t 1 , the sensitivity for the observation of higher-order coherences diminishes rapidly.
An improved experimental scheme was published later, 44 in which t 1 is kept constant (t 1 ϭ0 is the most sensible choice͒ and only the phase is incremented in small steps. The phase is varied in 2n steps ranging from 0°to 360°in order to observe a maximum of n quantum orders. The signal in the indirect, phase-incremented dimension of such a 2D experiment is then catenated, and after a cosine Fourier transform, an MQ spectrum is obtained which consists of an array of up to n equally spaced peaks with an arbitrarily small linewidth and with intensities reflecting the contribution of the nth quantum order to the integral intensity. This scheme was recently applied in an 1 H NMR MAS experiment on adamantane 45 using C7 46 as the MQ excitation scheme. It was shown that the MQ build-up behavior, measured as a function of a scaled excitation time ͑which takes the different MQ excitation efficiencies of different sequences into account͒, is similar in the static and the MAS case, where spinning frequencies of 8 and 16 kHz were used.
As noted in the preceding sections, the DIP-HMSC experiments are theoretically capable of exciting multiple higher-order coherences in the proton subspace of a I n S-coherence, and I-spin counting should be possible. A phase-incrementation scheme can be implemented in such a sequence simply by incrementing the phase to the second proton 90°pulse ( 2 in Fig. 6͒ . If the DIP-HMQC sequence is used for this experiment, one has to make sure that the undephased reference intensity is measured for ⌬ϭ0 ͑first slice͒, i.e., that no effective inversion of the dipole-dipole coupling Hamiltonian occurs in the middle of the sequence, and that the full echo is measured. This is achieved by choosing equal initial phases for 1 and 2 .
Important differences are, however, to be expected in the behavior of the build-up of higher-order coherences in the homonuclear and the heteronuclear cases. In homonuclear spin-counting experiments, the growth of a spin cluster can be described by a statistical model. 43, 47 The development of this model was inspired by the observation that in large and homogeneous coupling networks ͑e.g., adamantane͒, the intensity distribution among the coherence orders can be modeled with a Gaussian function, the variance of which increases with increasing excitation time. Such a behavior suggests that the build-up of homonuclear MQ modes occurs in a fashion similar to a random walk or a diffusion process.
As more and more spins are correlated, the growth of the spin cluster proceeds from newly incorporated spins into all directions. The ''diffusion'' constant is dominated by the ͑rather strong͒ interaction of adjacent homonuclear spins. This notion is illustrated on the left-hand side of Fig. 7 . The different indicated pathways represent the nonlocalized nature of the growth process of the spin cluster which is characteristic for a random walk.
On the other hand, the multiple-quantum modes in the I-spin subspace of a heteronuclear experiment are excited as a consequence of the heteronuclear dipole-dipole coupling of all of these spins to a single heteroatom. For this heteroatom, the multitude of surrounding I-spins creates a local field. This local field is probed by the spin counting process, and the number of proton spins that are incorporated into the heteronuclear MQ coherence grows as a function of their distance from the central heteroatom. This means that the higher the coherence order becomes, the more slowly its intensity builds up, as a consequence of the increasingly smaller coupling constants ͑Fig. 7, right͒.
The differences are a direct consequence of the forms of the average Hamiltonians responsible for the excitation of the MQ modes and their action on the spin states they create. The homonuclear situation is characterized by the noncommutativity of the single MQ operators connecting individual pairs with the total excitation Hamiltonian, which is a sum over all possible pairs, for instance,
Usually, pulse sequences with an effective DQ Hamiltonian which can excite only even orders have been used. However, spin counting using an odd-order selective Hamiltonian is also possible. 48 The noncommutativity leads to the observed spreading of the correlated spin cluster over more and more spins. The process can be viewed as a random walk accessing all possible product operator states ͑where the possible states are, for instance, only product operators describing either even-or odd-order MQ coherences͒.
In the heteronuclear case, all individual dipole-dipole coupling pair operators commute, and the experiment is conducted in such a way that multi-spin antiphase coherences are created, where the S-spin species is deliberately chosen as the transverse component of these coherences ͓Eqs. ͑11͒-͑14͔͒. The spins are fixed in space relative to a given point represented by the S-spin. Coherence transfer, which could lead to a propagation of the build-up process through the combined I-and S-spin subspaces, does not occur unless the experimenter chooses to include an INEPT-type coherencetransfer step ͑which is an essential building block in many solution-state heteronuclear correlation techniques 49 ͒. Such steps would correspond to the so-called ''relay'' building blocks, which are commonly used in solution-state NMR to establish correlations between spins which are separated by a well-defined number of chemical bonds. Using such INEPT transfer steps, a ''random walk'' with a well-defined number of steps could thus be selectively reintroduced in a labeled sample.
B. Experimental results
In order to demonstrate the existence of the various multi-spin antiphase coherences described by Eqs. ͑11͒-͑14͒, the possibility of converting them into heteronuclear MQ coherences, as well as the possibility of separating coherence orders upon reconversion, phase-incremented 2D DIP-HMQC spectra were measured for a sample of uniformly labeled L-alanine ͓NH 3 ϩ -CH(CH 3 ) -COO Ϫ ͔. The results of several experiments with increasing recoupling times are summarized in Figs. 8 and 9 .
The build-up of higher-order coherences is clearly proven by the spectra displayed in Fig. 8 . Starting with mainly 1 H zero-quantum signal ͑most of which simply represents 13 C transverse magnetization͒, the CO signal shows the increasing participation of higher-order proton coherences upon increasing the recoupling time. The highest quantum order in the 1 H subspace apparent above the noise level is five, detected at the CH position of the molecule. The signal-to-noise ratio was, however, not good enough to detect even higher coherence orders. The inherently very weak relative intensities of higher-order coherences arise, first, for statistical reasons ͑e.g., a 1 H 5-spin coherence contains 1 H 1Q, 3Q, and 5Q in decreasing parts͒, and second are due to increasingly small prefactors. The failure to detect even higher coherence orders is also due to the increased sensitivity of higher-order coherences ͑by mere probability͒ to effects of homonuclear couplings among the protons, as a result of the finite pulses. A proper reconversion is severely hampered in such cases.
The full set of data is shown in Fig. 9 . The MQ intensi- ties are normalized with respect to the full spectral intensity of the signals at the individual carbon positions, which is equivalent to the intensity of the 13 C peaks in the first slice of the 2D data set ͑the REDOR reference intensities͒. This normalization assumes that the ͑heteronuclear͒ dipolar evolution is completely reversed during the reconversion period of the reference experiment. Processes such as different relaxation behavior of higher-order antiphase coherences and homonuclear effects were shown to interfere with this time reversal. However, for moderate recoupling times and very high spinning frequencies, such adverse effects were seen to be weak, yielding at least semiquantitative results. Since only 1 H Î z -operators are involved, different proton T 1 Јs could still lead to differences in the relaxation of the higher-order antiphase coherences, but these effects should also not play a significant role on the time scale of these experiments.
It should be mentioned that the normalization is much more problematic in homonuclear systems, where, in principle, separate experiments to measure the influence of relaxation phenomena would be needed. In practice, one can resort to separately measuring spectra filtered for a specific quantum order ͑e.g., DQ͒ and using these to normalize the spin counting data. 45 The nϭ0 peak is usually not used for a quantitative analysis, owing to the fact that a separation of ZQ coherences and residual longitudinal magnetization is not possible. In the homonuclear case, the T 2 relaxation times involved in the creation of these types of coherences can be expected to differ significantly. These problems do not arise in the heteronuclear case. Even though the nϭ0 peak is composed of I-ZQ terms ͓e.g., half of the 2I-spin coherences, Eq. ͑13͔͒ and pure, cosine-modulated 13 C transverse magnetization ͓Eq. ͑11͔͒, the effects of 13 C relaxation on these contributions ͑mainly T 2 ) can be assumed to be equal.
As discussed above, the data in Fig. 9 cannot be interpreted in terms of a Gaussian growth process. Distinct differences are apparent in the distribution of the intensity among the different quantum orders for the three different 13 C atoms. While for the CO, the 1 H 1Q is less than 20% of the total signal for the shortest recoupling time, it is more than twice as high for the protonated carbons. The CH 3 group, in particular, has significant 2Q and 3Q contributions already at the same recoupling time of 66.7 s. Clearly, the different short-range local fields of the individual 13 C atoms are responsible for these differences. However, for longer recoupling times, the contributions of the different orders to the signal is very similar for all three 13 C positions. This is not unexpected, since the longer the recoupling times become, the less does it matter from which of the three fixed points, which are relatively close in space, the longer-range local dipolar field is probed.
The question remains as to how far the intensities measured at moderate recoupling times are quantitative. An insight can be gained by looking at the theoretical build-up curves for the different higher-spin coherences in an I 3 S group ͑Fig. 5͒. It becomes clear that for a specific number of spins in a subsystem, any type of higher-spin coherence or n-quantum order reaches a plateau value for its intensity. ͑Note that these curves do not represent the build-up of higher coherence orders, rather, the different higher-spin modes contain higher-order coherences in different ratios, as explained in Sec. IV B.͒ This plateau value can, however, only be measured accurately when the local spin system is separated well enough from its environment. When the separation by the relative magnitude of the coupling constants is good enough, the distribution of intensity among the quantum orders should provide valuable information about the local environment.
A rigorous quantification of this aspect, properly taking the dependence of the results of relative tensor orientations into account, is beyond the scope of this paper. A simple experimental test, however, performed on the partially deuterated methylmalonic acid sample, yields encouraging results ͑Fig. 10͒. Assuming an apparent coupling constant of D IS app /2ϭ7.8 kHz ͑see Table I͒ for the methyl carbon, we obtain N rcpl D IS app / R ϭ2.08, from which theoretical values ͑in square brackets in Fig. 10͒ can be obtained by reference to the data presented in Fig. 5 . These values are in good agreement with the experimental data. For the CD carbon, with D IS app /2ϭ2 kHz, the theoretical values are still in reasonable agreement with the experiment. Deviations must be expected ͑and are quite large for the CO carbon͒ since the individual methyl groups are not completely isolated, and contributions from neighboring molecules change the measured ratios. Nevertheless, the experimental evidence indicates that heteronuclear spin counting, with its property of probing a selected local environment, represents an interesting new tool for the investigation of chemical structures.
V. HETERONUCLEAR MULTIPLE-SPIN CORRELATION
Having demonstrated the possiblity of exciting higherquantum coherences among the I-spins with the DIP-HMSC sequences, we will now monitor the evolution of these coherences in 2D correlation experiments, where the different coherence orders are selected by a phase cycle. The DIP-HSQC pulse sequence ͑Fig. 6͒ gives the best resolution for measurements on a fully labeled sample, and is most suitable for rotor-synchronized applications since t 1 can be incremented in steps of one rotor cycle without artifacts arising from a refocusing pulse present in the HMQC variant ͑see Sec. III C͒. The states-TPPI method was used to achieve sign-sensitive detection in t 1 . The same pulse sequence ͑termed ''REDOR 3D''͒ was already applied to distance determinations in a 13 C- 15 N system, 15 where the authors, however, did not give an account on multi-spin and multiplequantum aspects, and did not mention the effect of rotorencoding ͑i.e., the necessity of measuring such spectra in a rotor-synchronized fashion͒. Figure 11 shows spectra measured on a fully 13 C-labeled L-alanine sample. The spectrum in Fig. 11͑a͒ is an HMQfiltered ͑i.e., regular I-spin odd-order selective filtered͒ spectrum. Note that the observed residual line broadening in the 1 H dimension of less than 2 ppm is solely due to line narrowing by ultrafast MAS. Narrower lines have only been observed using sophisticated coherent line-narrowing techniques in the F 1 dimension. 38, 50 The resolution in this spectrum is comparable to the one obtained with the aforementioned REPT techniques. 22 An advantage on behalf of REPT is the higher S/N, since losses due to inefficient CP at fast spinning frequencies in the case of DIP-HMSC cannot be avoided.
However, it should again be emphasized that the DIP-HMQC experiments can be referenced by performing an experiment with t 1 ϭ0 and a modified phase cycle which produces an effective inversion of the dipolar evolution during the reconversion rather than an HMQ selection. This yields a reference intensity S 0 . Therefore, in marked contrast to REPT, absolute MQ intensities are accessible with these methods. This has been shown to be feasible for the integral REDOR build-up in 1 H- 13 C systems in Sec. II, and using 2D spectra, more specific build-up data can be extracted. This aspect is beyond the scope of this paper. The general idea is to introduce the underlying concept and highlight the multispin aspects. In practice, an analysis of the initial build-up data in terms of a sum of heteronuclear pair coherences, neglecting the higher-order ones, was shown to be sufficient in the above-mentioned paper by Michal and Jelinsky. 15 The spectra in Figs. 11͑b͒ and 11͑c͒ were acquired with the same DIP-HSQC pulse sequence, but with DQ and TQ filtering schemes and a corresponding adjustment of the TPPI scheme for sign-sensitive detection in t 1 . These spectra are somewhat unusual since a 13 C SQ dimension is correlated with either a 1 H-DQ or a 1 H-TQ dimension, where the chemical-shift information is the sum of 2-or 3-spin 1 H correlations, respectively. The information content in these spectra is entirely different from that of the more familiar homonuclear 1 H DQ and TQ correlation spectra. 6 While in the homonuclear case a peak in the DQ or TQ dimension indicates a correlation of two or three spatially close I-spins, a peak in the heteronuclear spectrum means that two or three constituent I-spins, respectively, are close to an S-spin, the one at which the coherence is detected in the t 2 dimension ͑the HMQ coherence is created solely by the action of heteronuclear dipole-dipole couplings͒. These protons can be located on either side of the carbon atom, and the distance between them can thus be rather long. Details can be seen in Fig. 12 , where projections over individual carbon positions are shown. Data in the 1 H͑DQ͒- 13 C spectrum measured with a relatively short recoupling time ͓Fig. 12͑a͔͒ can be expected to be governed by intramolecular correlations. The gray background traces are calculated spectra based on a single alanine molecule, with intensities given by Eq. ͑24͒, and the chemical shifts taken from a conventional ͑SQ͒ MAS spectrum. The tensor parameters used for the calculation of the phase factors, N rcpl ⌽ 0 (i) , are based on crystal structure data from a neutron diffraction study. 51 The calculated spectra ͑considering heteronuclear couplings only͒ indeed yield a good prediction of the experimental intensities. The deviation of the AA and AB signals from the simulations in the CH 3 slice may be due to the very large and possibly different linewidths of these signals. For a more quantitative analysis, a proper deconvolution would be necessary.
At longer recoupling times ͓Fig. 12͑b͔͒, the appearance of the spectra changes because protons in adjacent molecules are now included in the MQ modes. This is most obvious for the BB signal, which is clearly present in the CO slice ͑marked with a gray box͒. Since each alanine molecule has only one CH group, this is necessarily a correlation extending over two molecules. This peak is a good example of the valuable information inherent in such spectra. Even though the two correlated protons are 3.55 Å apart, which gives a homonuclear coupling constant which is of comparable magnitude to the involved heteronuclear couplings, it should again be emphasized that this homonuclear coupling is not involved in the generation of the probed heteronuclear 3-spin coherence. Rather, it is averaged out by the MAS ( R /D II Ϸ10) while the heteronuclear couplings are selectively recoupled. The carbon atom acts as a well-defined point of reference, from which the local environment is probed in a very selective fashion, through the chemical-shift information in the 1 H-DQ dimension. The mere existence of such peaks has important structural implications. Thus, this type of experiment represents a valuable addition to our toolbox of correlation techniques for structural studies.
Similar information is accessible using homonuclear 2D 1 H TQ MAS spectroscopy, 52 which can be performed using a modified BABA sequence. 53 Spectra obtained for L-alanine at 35 kHz MAS and an excitation time of 2 R exhibited a strong signal from the BBC proton triad, detectable at both the NH 3 ϩ and CH signal positions in the direct 1 H SQ dimension. The type of connectivity derived from such spectra is, however, less specific than a 3-spin heteronuclear connectivity, since in the heteronuclear case, it is clear that only two heteronuclear couplings contribute to the build-up of a 1 H͑DQ͒- 13 C coherence, while in the homonuclear case, three homonuclear couplings can be involved. Moreover, selective isotopic labeling with 13 C building blocks can be used to introduce ''spin probes,'' for instance, in specific residues of larger molecules such as proteins, in order to detect specific conformations locally.
The 1 H͑TQ͒-
13
C spectra have a much lower S/N, which is to be expected from the relative distribution of spectral intensity among the quantum orders. In addition, the intensity is spread out over an even larger spectral width since more cross signals are possible ͑10 as opposed to 6 in the DQ spectrum͒. Moreover, the linewidth of MQ signals increases with increasing quantum order 6 as a consequence of the fact that more spins represent more points of attack for perturbing couplings to other spins, which leads to dephasing ͑i.e., T 2 relaxation͒. As a consequence, the circumstances are not too favorable for the exploitation of such higher-order coherences. One interesting observation can be made by reference to Fig. 12͑c͒ . While, as expected, the intramethyl 1 H͑TQ͒- 13 C signal ͑AAA͒ dominates the spectrum completely for rcpl ϭ4 R , it is merely a shoulder of the AAB cross signal at 8 R . This indicates the complications in interpreting long-recoupling time dipolar correlation spectra in general. For short recoupling times, information about the strongest couplings dominate, permitting at least semiquantitative interpretation of the spectra. However, the intensities always depend on the relative orientations of the involved dipole-dipole coupling tensors, and a careful consideration of the effects of relative orientations and coupling strengths is necessary to ensure the validity of the results obtained at longer recoupling times.
VI. HETERONUCLEAR DIPOLE-DIPOLE COUPLINGS FROM SPINNING-SIDEBAND PATTERNS
A. Rotor-encoding as a mechanism for sideband generation
In Sec. III A it has been pointed out that the dipolar phase factor for the reconversion period of a 2D DIP-HMSC spectrum, ⌽ t 1 (i) , has an explicit dependence on the t 1 evolution time, merely as a result of the sample rotation ( R t 1 ). Equation ͑10͒ shows the intimate connection of this phase change and the Euler angle ␥ CR describing the initial rotor phase of a specific crystallite. The reconversion Hamiltonian is therefore encoded by the t 1 evolution, and the amplitude modulation thus introduced leads to an oscillatory behavior of the time-domain signal. Upon Fourier transformation, spinning sidebands appear at integer multiples of the rotor frequency. This phenomenon was first observed and explained for the case of homonuclear DQ MAS experiments, 23, 24 and also employed in heteronuclear experiments. 8, 22 The general mechanism was termed reconversion rotor encoding ͑RRE͒, 25 and should be distinguished from the more familiar modulations of the coherences evolving in t 1 as a result of tensorial interactions involving the participating spins. This so-called evolution rotor modulation ͑ERM͒ leads to spinning sidebands as well ͑it is in fact the mechanism responsible for the generation of spinning sidebands in conventional MAS spectra͒, and is of minor importance under conditions of very-fast MAS.
As a specific example, Eq. ͑21͒ describes the signal for an isolated heteronuclear spin pair, S MQ ϭ͗sin N exc ⌽ 0 sin N rec ⌽ t 1 ͘. By inserting Eq. ͑10͒, and using the relation
it can be seen that the patterns are symmetric and consist of odd-order sidebands only, due to the (2nϩ1) prefactor of R t 1 . In the course of an explicit calculation, the powderaverage over the ␥ angle can be performed analytically, 41 and one is left with sideband intensities
This integral over a product of Bessel functions, J n (x), can be evaluated on a computer. For N exc ϭN rec ͑equal arguments of the two Bessel functions͒, it is apparent that all sidebands must be positive. At short recoupling times, the spectrum is composed of first-order sidebands only, while the higher-order (nϭ3) sidebands start appearing only after the first maximum of the build-up curve has been reached ͑Fig. 13͒. Clearly, the sidebands do not map out the anisotropy of the dipole-dipole interaction, as is common in SQ MAS spectra but can be ''pumped'' to cover arbitrary frequency ranges by increasing the recoupling time. Even though the dipole-dipole coupling constant can be determined more accurately when more sidebands are present, the number of recoupling rotor cycles, N rcpl , is limited because of increasing effects of pulse imperfections, T 2 relaxation, etc. Also, the distribution of the same spectral intensity over more and more sidebands affects the signal-to-noise ͑S/N͒ ratio. Therefore, for actual applications, we usually choose the experimental parameters in such a way that N rcpl D IS / R ranges between 1.0 and 2.0. For higher values, the resulting patterns, which then comprise sidebands of very high orders, become increasingly sensitive to multispin effects. The exploration of this regime is thus restricted to well-isolated and well-defined spin multiplets.
B. Features of DIP-HMS spinning-sideband spectra
We will now explore the specific properties of spinningsideband patterns generated by the DIP-HMSC experiments. For this purpose, chemical-shift resolved sideband patterns were measured on uniformly labeled L-alanine, where up to 768 slices in t 1 were needed for high resolution spectra. This was done mainly in order to show the features of sideband patterns generated by the different pulse sequences depicted in Fig. 6 . Quantitative analyses should be performed with the HDOR technique, where the chemical-shift information in t 1 is lost and very few slices suffice to generate sideband spectra. On account of the absence of evolution during t 1 , it is only necessary to acquire for one rotor period. A detailed discussion of the advantages of the HDOR approach over HMQC or HSQC can be found in Ref. 22 . The sequence used here is derived from the DIP-HSQC experiment by simply keeping the two proton 90°pulses together for all values of t 1 , thus using them as an HMQ filter. To avoid spectrometer timing problems, it is useful to acquire the first slice on top of the first rotor echo, with t 1 ϭ1 R . The resulting patterns are virtually free of first-order phase errors.
In Fig. 14 , sideband patterns obtained for the three variants of the DIP-HMSC method are compared. For a specific carbon, the overall patterns are very similar for the three variants. The HDOR patterns were numerically fitted to spectra generated using the appropriate theoretical expressions ͓Eqs. ͑21͒ and ͑30͒ with CS ϭ0] to obtain coupling constants which are in good agreement with values expected for isolated CH and CH 3 groups. In the DIP-HSQC pattern of the CH group, the unexpected even-order sidebands and weak centerbands are introduced by dipolar evolution of the antiphase coherence during t 1 . A more detailed explanation of this issue is given in Ref. 22 . Distortions of the DIP-HMQC patterns due to CSA and ERM are not apparent above the noise level.
From Eqs. ͑30͒ and ͑31͒ it can be inferred that a 1 H-TQ contribution should be visible in DIP-HMQ spectra, when the usual ͑odd-order selective͒ HMQ filter is applied on the protons. This contribution is expected to be weak, and the sidebands are also spread over a larger spectral range than the primary 1 H-SQ pattern. In the CH 3 spectra, weak negative artifacts of unknown origin are stronger than the TQ contributions, which are not visible in the spectra presented here.
The most surprising observation can be taken from the enlarged insets, where correlations with protons that are remote to the respective 13 C atoms are seen to appear in all sideband orders. This is contrary to the intuitive notion that the couplings to these protons are weak and consequently only first-order sidebands should be visible. The observation made here is therefore in marked contrast with similar patterns measured with the REPT sequences, 22 which meet the expectation that contributions from remote spins are found there to reside in the first-order sidebands, leaving the rest of the pattern virtually unchanged. Even though surprising and somewhat counter-intuitive, the different behavior in the present case can be accounted for on the basis of the theoretical treatment presented in Sec. III A. In terms of a simple I 2 S 3-spin system, the time-domain corresponding to the subpattern contributed by the weakly coupled spin, derived from Eq. ͑23͒ with iϭ1, is
where the familiar ͑sin...sin...͒ term containing the weak coupling phase factor ͑superscript w) is ͑cos...cos...͒ modulated by the strong (s) coupling. For simplicity, the prefactors for the chemical-shift evolution are omitted. A pattern calculated from this expression extends over the same spectral range as one calculated with switched ⌽ w and ⌽ s ͑which describes the primary pattern͒. This can be rationalized by applying an addition theorem to Eq. ͑36͒:
͑37͒
As a result, the pattern can be written in terms of pure ͑sin-...sin...͒ contributions, where the strong coupling, as represented by ⌽ s , dominates the arguments of the sines. This argument does not hold for the REPT sequences because of their asymmetry, i.e., a cosine modulation of the coherences due to remote spins occurs only in the reconversion period, and the cos ⌽ 0 term is missing in the corresponding formulae. In the REPT case, the cos N rcpl ⌽ t 1 term͑s͒ perturbing the primary pattern mainly lead to signal loss at longer recoupling times.
Simulations for several multispin cases ͑data not shown͒ indicated that spinning-sideband patterns from spin topologies which are dominated by a strong primary coupling ͑e.g., a CH group surrounded by several protons͒, when fitted to a simple spin-pair solution, correspond to slightly increased dipole-dipole coupling constants. Equation ͑37͒ also provides an intuitive way of understanding this result: a part of the time-domain signal can be written as ͑sin...sin...͒ pattern with the sum of the coupling terms as arguments. In a recent paper on the geometry dependence of REDOR build-up curves in I n S systems 55 it was pointed out that in the multispin case the initial-rise behavior of the REDOR build-up is governed by the dipolar second moment, which corresponds to the observation of an ''effective'' dipole-dipole coupling constant. This is in close analogy to the behavior observed here, where an apparently increased dipole-dipole coupling constant is obtained when one strongly coupled pair is perturbed by several weak couplings ͑for which the product N rcpl D IS / R is small͒. Therefore, simple HDOR sideband analysis is feasible to determine the dominant coupling constant. For the case of several comparable coupling constants, the results become increasingly geometry dependent, thus hampering a simple model-free analysis of the data.
A general observation concerning DIP-HMSC sidebands as compared to patterns measured with the REPT techniques under the same conditions is that in the multi-spin case (CH 3 in particular͒, DIP-HMSC spectra exhibit stronger sidebands FIG. 14. Sideband patterns from symmetric dipolar HMQ experiments, measured on U-13 C L-alanine at 30 kHz MAS and rcpl ϭ6 R , with a 1 H offset of about ϩ6 kHz from the CH signal position in the 1 H SQ MAS spectrum. In ͑a͒ and ͑b͒, patterns from the CH and the CH 3 carbons, respectively, are shown. The DIP-HSQC and -HMQC patterns exhibit folded-back sidebands, due to the fact that a smaller spectral width was chosen in order to save experiment time. The gray background traces are best-fit patterns with the indicated coupling constants. of higher orders. For instance, the patterns in Fig. 14͑b͒ exhibits significant intensity in the fifth-and higher-order sidebands, which is not observed for the analogous REPT experiment. 22 This can be explained in a qualitative fashion. A factor of 3 appears in the argument of the trigonometric functions describing such patterns: sin 3 aϭ 3 4 sin aϪ 1 4 sin 3a. The sketched property of products of trigonometric functions has a direct quantum-mechanical implication: when 13 C separated local field spectra of CH 3 groups are discussed in terms of perturbation theory, 31 the spectra are calculated as consisting of two contributions. One associated with the local field exerted by the three protons in ͉↑↑↓͘ or ͉↑↓↓͘ configuration ͑and four further permutations thereof͒, and the other with the protons in the ͉↑↑↑͘ and ͉↓↓↓͘ configurations. The local field exerted by the latter configurations is three times as large, and these yield a 25% contribution to the overall spectral intensity ͑simply by counting of the possible spin states͒. This is reflected in the addition theorem used above for the result obtained from product operator theory. These considerations do not apply for the asymmetric REPT, since there the excitation period involves transverse 1 H evolution in the 13 C local field, leading to a methyl group formula lacking the above-mentioned power of three in the corresponding phase factor.
So far, the spinning sideband patterns were acquired using the regular odd-order selective HMQ phase cycle, which selects the REDOR intensities. In complete analogy to the shift correlation spectra discussed in Sec. V, higher-order filters can also be implemented here in order to observe the spinning sideband patterns corresponding to the higher-order coherences in the I-spin subspace. Figure 15 shows DIP-HDOR sideband patterns of a methyl group, also measured on the fully labeled L-alanine sample. Although the regular heteronuclear 1 H-MQF pattern has only odd-order sidebands, the heteronuclear 1 H-DQF pattern consists of a centerband and even-order sidebands. It is simply described by a timedomain signal ϳ͗sin 2 . . . sin 2 . . . ͘, which accounts for this
observation. An analogous effect was investigated in homonuclear systems, where homonuclear DQ spinning-sideband patterns have only odd-order sidebands, while homonuclear TQ patterns in turn exhibit only even orders. 25 The homonuclear and heteronuclear cases are analogous in that the rotor encoding of 2-spin coherences ͑now including the S-spin in the heteronuclear case͒ generally leads to odd-order sidebands, while for 3-spin coherences, even-order sidebands and a centerband are observed.
It is thus not surprising that the heteronuclear 1 H-TQ pattern again has odd-order sidebands: it corresponds to a rotor-encoded 4-spin coherence. For the methyl example in Sec. III B it was shown that the odd-order HMQ-filtered signal is the sum of 1-and 3-1 H contributions. The 1 H-TQF pattern is naturally a pure 3-1 H pattern. It also has the same shape as the 3-1 H SQ contribution to the MQF pattern, which has a weighting factor of 3/4 as opposed to 1/4 for the pure TQF signal. Note that in the experimental HDOR spectra the MQF pattern is the sum of both contributions, since they are not separated by different chemical-shift evolution ͓Eq. ͑30͒, with CS,I ϭ0], as opposed to the spectra in Fig.  14͑b͒ .
C. Quantitative dipole-dipole couplings from sideband patterns
In order to get a closer insight into the feasibility of the sideband approach with regards to measuring weak CH dipole-dipole couplings, we performed measurements on the partially deuterated methylmalonic acid sample. The results should be compared with the corresponding REDOR data presented in Sec. II B. The patterns were obtained using the DIP-HDOR sequence ͑see Fig. 6͒ .
The results are depicted in Fig. 16 . All patterns exhibiting more than just the first-order sidebands could be fitted to the analytical solution for a single methyl group, Eq. ͑30͒ with CS,I ϭ0. Even though this result does not include couplings to remote protons, deviations between experiment and theory are very small and may, apart from these remote couplings, be explained by experimental imperfections. The extracted dipole-dipole couplings and corresponding distances are also listed in Table I . In contrast to patterns measured with REPT, even the first-order sideband intensities are reliable. Therefore, the weak couplings from the CD and CO carbons to the methyl protons could be fitted to the measurements with rcpl ϭ16 R ϭ533 s. The measurement time for these patterns was about 12 hours, using a 13 C naturally abundant sample. The results are more reliable than the ones from REPT patterns at long recoupling times. Even though the DIP-HMS techniques are less sensitive, the reliability of the first-order sideband intensities represents a major advantage since the losses due to the CP are more than compensated by the possibility of choosing a shorter recoupling time, thus having fewer losses due to relaxation. Note that recoupling times of 24 and 26 R were necessary for the REPT experiments, to have appreciable intensity in the fifthorder sidebands.
As is also the case for the simple REDOR results, the coupling constants for the CD, and in particular for the CO group, deviate towards higher values because of remote couplings, as already discussed above. The value obtained for the CH 3 group is in very good agreement with the value obtained from REPT measurements on the same sample, 22 indicating that, even though both methods differ significantly in the influence of remote spins, this result is very close to what would be measured in a sample with a fully isolated methyl group. A disagreement of the resulting CH distances with x-ray or neutron diffraction results is commonly observed and must be attributed to the different influence of fast vibrational motions on the two techniques. 56 Therefore, not only does the sideband approach yield the more precise results for dipole-dipole couplings, they are also obtained independent of the knowledge of correct reference intensity, S 0 , in the case of REDOR. This represents the central advantage of spinning sideband analysis, because when a sample is isotopically dilute in one of the two involved spin species, the REDOR results must be corrected according to the fraction of labeled molecules.
14 This information is often not easy to assess, in particular when measurements in large molecules with considerable overlap of 13 C signals such as proteins are performed, where an additional deconvolution of spectral lines must be performed.
VII. CONCLUSIONS
In this publication, we have demonstrated the feasibility of performing REDOR in 1 H-
13
C systems. This is essentially made possible by using very-fast MAS with spinning frequencies exceeding 20 kHz, where clearly, higher spinning speeds give even better results, as a consequence of the successful suppression of homonuclear couplings among the protons. In addition, we have described a simple extension of the original REDOR pulse sequence which allows the measuring heteronuclear multiple-quantum spectra, and motivates the reinterpretation of conventional REDOR intensities in terms of HMQ excitation efficiency. The treatment of the spin dynamics shows that the whole product-operator subspace of MQ states encompassing a single S-spin and all the I-spins being coupled to it is explored in such an experiment. Spin counting is possible, and it was shown that, for twodimensional HMS correlation spectra, the experimenter has considerable freedom in choosing not only odd-order coherences in the I-spin subspace, but also I-DQ and I-TQ coherences, which can be probed as heteronuclear multiplequantum coherences (Ŝ x ͟ i Î x (i) ), as antiphase terms (Ŝ z ͟ i Î x (i) ), or as rotor-encoded heteronuclear dipolar order (Ŝ z ͟ i Î z (i) ) during t 1 . Many possible advantages of the spectroscopic investigation of the above-mentioned type of multi-spin HMQ coherences were already pointed out by Pines and co-workers 57 for the case of static samples. In this reference, several excitation schemes were discussed. They all have in common the fact that, unlike in the experiments described in this paper, initial I-spin magnetization is used, and that the I-spins are also the detected nuclei ͑due to sensitivity considerations͒. In the pulse sequences discussed there, HMQ coherences are excited in two steps. During the first step, homonuclear couplings among the I-spins lead to I-spin homonuclear MQ modes, which are subsequently coupled to the S-heterospin to obtain the final HMQ coherence. The feasibility of the approach was demonstrated on singly 13 C-labeled benzene, oriented in a liquid crystal. However, most of the ingenious ideas mentioned by Weitekamp et al. were never pursued for actual applications, mainly because the strong homonuclear dipole-dipole couplings in the static case interfere with a controlled manipulation of the spin system.
With respect to the concepts presented in this contribution, however, the simplicity and robustness of the purely heteronuclear approach to HMQ spectroscopy under veryfast MAS might open up a number of possible applications. The class of techniques introduced in this paper represents a valuable extension of already well-established homonuclear and heteronuclear correlation methods in the solid state. 7, 58 Similar experiments using REDOR recoupling have been performed before by other groups, primarily using tripleresonance spectroscopy in labeled systems with isolated heteronuclear spin pairs, where the abundant protons were used to enhance the initial polarization of the observed nucleus by means of a cross polarization ͑CP͒. The published applications comprise, for example, the 13 C/ 15 N resonance assignment in tripeptides, 5 the site-resolved determination of the peptide torsion angle , 59 or the 13 C site-resolved investigation of mobility in peptides with deuterated residues. 36 We believe that the reinterpretation of the very simple and popular concept of REDOR in terms of heternuclear multiplequantum spectroscopy will contribute significantly to the establishment of new techniques aiding in structural studies.
A remaining challenge is still the geometry dependence of multi-spin data measured in REDOR and its twodimensional extensions, as represented by the complicated dependence of the individual sine and cosine factors of the time-domain signals on the dipolar phase, ⌽ t ͓Eq. ͑9͔͒, which contains information on the relative orientation of all involved tensors. In a recent paper on the disentanglement of multiple couplings in REDOR, 60 the authors successfully measured the two heteronuclear coupling constants in an I 2 S spin system in a model-free approach by performing socalled -REDOR experiments, 61 where a 90°instead of a 180°degree pulse was applied in the middle of the sequence. A clever combination of the so-obtained data enabled the extraction of the two coupling constants. Using data from our two-dimensional extensions of REDOR, with a separation of different contributions either by I-spin quantum order ͑Sec. IV͒, or by I-spin chemical shifts ͑Sec. V͒, similar protocols can be envisioned to achieve the final goal of extracting model-free heteronuclear dipole-dipole distances. In their conclusions section, Liivak and Zax already give some preliminary hints of how to extend REDOR to the multiplequantum dimension, in close analogy to our present work.
The complications arising from the above-mentioned multi-spin problem, and the limitations set by the instrumentation, are certainly serious enough to conclude that direct distance measurements on the order of 10 to 100 Å will almost certainly be better achieved by use of ESR spectroscopy. 62 Focusing direct measurements, however, to the 5 Å range and a moderate number of heterospins, and using the new extensions of REDOR such as the heteronuclear spin counting or DIP-HMSC techniques, we envision to transgress the intrinsic distance limits of NMR by focusing on specific reporter groups, or points of reference, from which the local surrounding is explored, and to probe larger distances in space in a stepwise fashion.
The application of the presented methods to structural studies in rigid heteronuclear rare-spin systems is straightforward. There, slower spinning speeds can be employed, and homonuclear couplings do not present a serious problem. 1 H will then just serve as a source for polarization. We expect fruitful applications to structural investigations of amorphous substances and small proteins in particular, where isotopic labeling has already entered a state of experimental routine.
We should again emphasize the use of sideband analysis, which can help to obtain quantitative structural information without exact knowledge of the correct REDOR reference intensity, S 0 , which is hard to estimate in the case of large multiply labeled molecules.
The natural abundance 1 H-13 C applications presented here certainly represent in some sense the ''worst case'' in that, even under very-fast MAS, the strong homonuclear couplings among the protons hamper experiments using very long recoupling times and, thus, the determination of longrange couplings. Such experiments are, however, feasible when dynamic and order phenomena in mobile systems are to be investigated. We have already successfully used the related REPT techniques to the determination of motionally averaged 1 H-13 C dipole-dipole coupling constants, and hence order parameters, in 13 C naturally abundant discotic mesophases. 12 The possibility of applying REDOR and the new DIP-HMSC experiments, in which the spectral intensity can be normalized, to 1 H-
C systems is very promising for the study of confined molecular motion in polymers or liquid crystals, where the increased chemical-shift resolution of 13 C might help to correlate order parameters with different positions in the molecule, or different configurations or conformations. 63 We have obtained preliminary results on poly͑styrene-co-butadiene͒ block copolymers, where the cis/ trans dyads in the butadiene block, which are difficult to resolve in homonuclear DQ NMR, 64 were indeed seen to have a different HMQ build-up behavior, hinting at different residual dipole-dipole couplings. Extensive investigations along these lines are currently underway in our laboratory
